1. INTRODUCTION

The Discovery Program is about a new way to continue the
legacy of the Mariners, Voyager, Magellan, and Galileo in
deep space exploration. Discovery is changing the way NASA
does business. It is a central element in a complete culture
change for planctary exploration and spacc  scicnce.
Discovery’s goal is to achicve results faster, better, and
cheaper. It will be more cffective, do more with
less— specifically, carry out planctary flight missions with
highly constrained total cost. STARDUST was selected from
a pool of 28 proposals in 1994. It becomes the 4th mission in
the series following: Near Parth Asteroid Rendezvous
(NEAR), Mars Pathfinder, and Lunar Prospector.

Iistorically, planctary missions evolved to large, complex
platforms with up to 14 scientific experiments and price-lags
of up to $2 Billion. These missions endcavored to do remote-
sensing and in-situ investigations on extremely stringent diets
of power, mass, and volume. The struggles in the scientific
community to one of the selected experiments were diflicult
and frustrating.

STARDUST proposes to exactly reverse the paradigm. It
is a sample return mission whose fundamental premisc is to
bring the essence of the solar system, material from a comet,
home!  With samples back on Farth, literally hundreds of
experimenters  can participate. They can apply  alrcady-
existing, instruments-  with relatively unlimited power, mass,
and volume constraints: currently located in the finest labs
and universitics. This will allow participation in solar system
exploration by a broad community.  And the opportunity is
offered at a Discovery price of less than 10% of the traditional
approach!

STARDUST plans the first return of material from a solar-
system body since the Apollo and Luna sample-return
missions of the 1970s. But, more importantly, the first of all
time from beyond the Earth-Moon system. As such it becomes
a modcl for planning follow-on sample-return missions 1o
other planctary bodics. The simplicity and compactness of the
Sample Return Capsule (SRC) should be very atlractive to

follow-on applications. Fig 1. shows the STARDUST

spacecrafl in its sampling configuration.

Fig. 1. The STARDUST Spacecraft (1'wo Views)

The major features of the STARDUST flight system are 1)
the SRC, about a meter in diameter shown open like a
“clamshell™ with the dust collector grid deployed into the dust
stream above the so-called “Whipple shicld;™ 2) the shicld
consists of two plates with Nexel'™ curlains between 1o stop
the high-speed particles from impacting sensitive spaceerafl
clements; 3) solar-arrays, and 4) the Cometary and Interstellar
Dust Analyzer (CIDA) to be provided by Germany. The flight
system also carries a refurbished Fovager camera to provide
optical navigation capability. The plan is to also use this
camera for imaging the nucleus of the comel to a resolution
an order-of-magnitude better than Giotto was able to image
Halley

The STARDUST Project operates on the Total Quality
Management (TQM) principle of concurrent engineering,




which saws time. improves communications, and reduce

costs tingingall clements together early.

Ik

Fig. 2. Mission Testbed as an Evolutionary Integration Iinvironment

‘The objective is to mitigate the traditional culture of serial
processing of project elements.

2. Concurrent Engineering for Mission Success

Concurrent engineering means producibility. testability,
and operab ility arc fully considered in all phases. But how is
this done'? More importantly, how isit done efficientliy? The
key to success is modern computer and communications
technologics.

The  STARDUST team has engincered a common,
collaborative server approach to provide a centralrepository
o f all communication products.  The products include
drawings,  presentations,  memos,  formal  documents,
spreadsheets, ete. 1 his collaborative server environment
brings visual access to al project players attheir ol’lice
workstations or in a conference room setting.  With full,
flexible video access to the products, it remained to ensure
audio communications with equa user access and flexibility.
This has been achicved with the leasing of a dedicated “meet-
me’ teleconference line. This audio dial-in access is available
from virtually any telephone. Up to about 50 participants can
access any mecting from sites anywhere. And with aportable
computer that contains downloaded products from the server,
both visual and audio involvement is achiecved from any
telephone. The impact has been to allow team members “just
in time” involvement in mectings while working in theit
offices. This “virtual meeting room” environment has been

putin place to save travel (even from office to conference
mom), allow last minutc and real-lime changes to products
such as documents, presentations, spreadsheets, efc., and
facilitate “spur-of-the-moment” meetings “in the server. ”
1 hus widely-separated team members at 1 .ockheed-Martinin
I denver and JPL in Pasadena can mecet “virtually” and quickly
onissues and have the full .repository of Project data and
communication products available on screen.

Figure (X): Integrated Team Management Structure




I 3y placing a priority on communications With this cost-
saving, user-f'ricadly technique, the STARDUST team is able
to focus al elements in a concurrent enginceting group called
the Project vaveucrincg and IntegrationTeam (PEIT). 1 ne
PEII meets weekly asa central forum for discussion and
actions. It is led by the Project Engineer and comprised of
such engincering leaders or cognizants of the key project
clements suchas trgjectory engineer, and mission test system
engineer. b lere, cross-system issues are brought front-and-
center. End-to-end information issues are being dealt with
carly in the development cycle such that the tradition of
spacecraft first, and testability and operability sc’'toad, is
being broken. The PEIT focus is on teamwork. Thisinvolves
everybody in the big-picture fundamental mission success
melic, returin of comelary and interstellar material.

The PEIT also involves, at the appropriate level, business
functions, safety, and public outreach/education. It provides
the central control forum for the principal investigator (P1)
and project manager (17 M), providing an arcna where
performance and accountability in each clementof the project
is be highly visible. Figure (X) above depicts the concurrent
engineering and management structure that “wraps around™
the major project elements by operating in the flexible
“virlualmeetin g” communications environment.

Key to the successful achievement of the mission goals
within the cost cap are the controls and processes applied by
tbc Pland his management team. The key development
process is the use of a central mission test environment, tne
Stardust Miss ion Test System (SM1S), to br ing all the
clements together early inan cad-lo-cad environment. The
idea of keeping the focusat a mission level is to faithfully
seive the  cthic  derived from the famed | .ockheed
“Skunkworks™ to reduce risks by “testing it like you fly it.”

Fig. 2 shows the integrating role of the SM | S ingetting at
the mission interfaces carly and iterating in phases of
increasing interface complexity.  This process, pioneered on
the Mars Pathfinder mission, is aimed at discovering interface
issues early, fixing them, and allowing a seamless, smooth
transition into the Assembly, Test,and l.aunch Operations
(AT1.0) portion of the project schedule.

Specificaly, STARDUST will exploit capabilitics provided
by the Spacecraft! ‘echnology ( ‘enter and Spacecraft 1est
Laboratories at L MA and the Flight SystemTestbed at IP1..
Each of three product-accountable managers will deliver
STARDUST-specific  hardware and software at different
levels of maturity to this mission integration environment.

The SM I'S plan is to include engincering development
units (1: 1D U’s), S0 fiware, mission models, dynamic models,
and, where possible, flightarticles.  This will provide the
PEIT with real data, not paper, to validate the designs; control
algorithms; and interfaces in @ mission/system context as they
arc produced by the designand fabrication clements at
different phases.

‘1 he primary “ethic’ of the STARDUST Project is to
develop the target low-risk Integrated Mission Capability
(IMC), e.g. lhc complete set of integrated and tested
hardware, software, operational proccdurcs, analysis
procedures, and facilities to attain the fundamental Mission
Success criterion, and operate it successfully within the
bascline budget established with NASA. The IMC is the

product of the manage-to-budget culture central to the
project’s continued viability.

2. STARDUST SCIENCE GOALS
2. | Science Instruments

SIARDUST caries only iwo  dedicated  scicnce
investigations: the acrogel dust collector and the Comet and
Interstellar Dust Analyzer (1 1) A). All othetscience data 1S
obtained from engineering functions that are required for the
operation of the spacecraft. 1 besc engincering instruments are
the navigation camera and the Whipple-shield flux monitors.
Dynamic science iS obtained without specia hardware.

2.1.1 Aerogel Dust Collector. * 1 he dust collector will
simply expose blocks of underdense, microporous silica
acrogeland other low-density mediato the sample flux. 1 he
collectorwill consist of modular aluminum cetls housing 1. to
2-cm thick acrogel blocks, The cells will form a two-sided,
grid-shaped arvay that will deploy from the SRC. Onc side of
the array will collect comet particies and the opposite side,
interstellar dust particles. The useful collecting area will bc
about 1 000 em? for each target sample. The density of
impacts will bc low and this dualuse will cause no problem
with sample discrimination. 1 hc bulk of the array will be
acrogelwithan average density of 0.02g cm *.The collector
will bc totally inertand have only to be exposed and
recovered.

Extensive experience exists in both laboratory and spice
flights with acrogel for collecting hyper velocity particles|13,
16]. More than 2.4 m* of silica acrogel capture cells have
been flown and recovered on Shuttle flights, Spacehab 11, and
Lureca

Silica acrogel has been shown to be more cffective in
capturing organic volatiles than activated charcoa [2], and
physisorption of noble gases under a simulated cometary
flyby cncounter  environment  has proved surprisingly
successful [14]. Additionally, each collector medium will bc
doped with sclected absorbents.

2.1.2 Comet and Interstellar  Dust  Analyzer. ‘I'his is
essentially the same instrument design that flew on Giotto and
the two Vega spacecraft, obtaining unique dataon chemical
compositionof individual particulatesin I [a Icy 's coma. It
consists of aninlet, atarget,anion extractor, a time-of-flight
(1 01') mass spectrometer (MS), and anion detector. The inlet
isbaflled to prevent sunlight from entering the instrumentand
raising. the background noisc in the detector. The target is 50
cm?of conugated silver orother heavy metal. A light flash
which accompanics the initial impact sets the zero for the
‘1 OF measurcment. Electrostatic grids extract positive or
negativeions from the impact microplasma. These ions move
down the beat-tahc TOI'MS where an clectrostatic reflector
focuses ions of similar encrgies onto the ion detector.
Mecasuting anival time determines the mass of theions. This
instrument is sensitive over a range of 1 t0 150 AMU. Even
sub-pm sized particles will produce observable signals and
compositional profiles.

2.1.3 Navigation Camera. tne camer @ optics for
STARDUST are spare Voyager widc-angle units. Plans also
include a single Voyager eight-position filler wheel and
thermal housing and a 1 024x 1024 charge-coupled device



detector with 12-p m pixels. This will give 6-m pixel
resolution at 100 km.

Shutterspeed is5 ms. Some image motion compensation is
planned by moving the imaging scan mirror. ‘1 hisw ill
improve the resolution to perhaps 5 m, an order of magnitude
better than Giotlo, Less dust opacity and the lower {lyby
speed (6 kms' “versus 70 kms *) guarantee better and more
comprehensive imaging of the nucleus.

2.1.4 Whipple Shield Dust I'lux Monitor.

(Descriptionto be Added)

2.2 Anticipated Scicnee Return

The wealth of data which will result from the STARDUS
mission is due to its multi-faceted nature. It will collect
interplanctary  dust  and, with  mission implementation
optimized, it will also collect extra solar system grains, i.e.
the interstellar dust. And while cometary samples arc of
intrinsic interest for the entire comet science community, they
bold considerableinterest for exobiologists as well.

2.21 ( ‘ometary Dust. Comets presumably formed in the
outer solar nebula, where the temperature remained low
enough that many intactinterstellar grains (1Gs) should have
survived nebular processing [13]. At presentit is not known
what fraction of cometary dust is presolar, and what {fraction
was formed in the solar nebula and transported to the region
of comet formation. It is also not known how the nebular
accretion of 1Gsinto larger aggregates may have changed
theit obser vable properties.

FFor comet samplesthat can be capturedintact, itshould be
possible to determine the following:

(@ ‘Lhe  mincralogical, elemental,  and  chemical
composition O comets at the sub-pum scale.

(b) ‘1 heextent that building materials of comets are
found in interplanctary dust particles (1DPs) and
meteorites,

(c) Thestate of water in comets whetherin icc or in
hydrated minerals.

() Mixing of inner nebular materials (i.e. chondrule
fragments) to the comet formation region.

(c) The presence of isotopic anomalies

() The nature of the carbonaceous material and its
relationship to silicates and other phases.

(g) Evidence for pre-acerctional processing cither in the
interstellar medium or in the nebula (including
cosmic ray tracks, sputtered rims, ¢l¢.).

2.2.2 Cometary Volatiles. Although the dust/volatiles1atio
varies greatly fiomcomctto cored, volatiles account for a
significant fraction of the mass of every comet nucleus. Of
special interestare the biogenic elements (C, 11, N, O, I', and
S) and their molecules. At the very least, the obtainable
information on gaseous components will be elemental and
isotopic. In addition, the CIDA carried on STARDUST will
provide direct mecasurements of volatile species in the
impacting dust samples and is expected to obtain much more
information on complex molecules than for the 1 lalley flybys
becauscimpacts with coma particles will bc less than 100
limes as encrgetic.

2.2.3 Interstellar Dust. At present, astronomicaly derived
information on1Gs comes primarily from observations of
extinction. scattering. polarization, and infrared emissic m.
While such astronomical observations provide clucstothe
nature  of 1IGs, they are not sufficiently definitive to
confidently match the particles with theoretical models. Basic
information, such as the abundance o f SiC (from carbon
stars), the abundance of graphite, grain morphology. silicate
minet alogy, the role of radiation processing, grain ages, and
the association of silicates and carbonaccous matter, is highly
uncertain. Collection of even a few degraded particles would
provide a unique and historic opportunity to directly examine
solid matter that formed outside? tbc solar system. This
information would provide powerful constraints on grain
models and provide insight in the refationship of presolar and
meteoritic materials.

It will bc possible to determine:

(8 Theelemental composition of the grains.

(b) Theisotopic composition of several important
clements, such as C, 11, Mg, S, and O.

(c) The mineralogical and textural character of surviving
phases.

(d) Whether dl 1Gs are isotopically anomalous.

(¢) The mincralogy of the silicate grains- whether
glassy or crystalling, as well as their Si:O ratio.

() The prevalence  of graphite particles, includ ding
whether their abundance is sufficient to explain the
interstellar 0.22-pm extinetion bump.

(g) ‘1 heextent of physical mixing of the mineral phases,
including  whether the grains have a silicate
corc/organic refractory mantle stracture, and also if
they are @ heterogencous mixture or not.

(h) Whethet there is any evidence for grain processing in
the interstellar medium, especially whether the
effects of shock sputtering, collisions, accretion, and
chemical alteration can be identified.

STARDUST will provide ground trath oninterstellar grain
models and perhapsreveal physical properties and effects of
processes that were previously unforeseen. It will provide
data on the degree of processing afler initial formation ia
circumstellar regions, and it wit provide information on the
relative importance of oxygca-rich and carbon stars in
producing interstellar dust. Isotopic ratios in the samples will
yield information on nuclcosynthetic processes ia a variety of
stars. In the case of hydrogen, isotopic fractionation will
provide insight into the jon-molecule reactions that are a
favored explanation for high Deuteriuny/l Iydrogen ratios in
some molecular clouds and trace components in meteorites
and IDPs.

2.2.4 Exobiology Implications. Comets are now known to
contain large quantitics o f volatiles, including organic
compounds and a rich varicty of microparticles of various
types (pure organic parlicles, silicates, sulfides, and mixed
particles) with a graduation of sixes that extends to sub-pm
diameters. Withhigh suiface areas, juxtaposcd chemical
constituents, and their casy transportability, these particulates
may have been critically important for abiotic catalytic
activity,  macromolecular  synthesis,  and  subscquent




chemosynthetic pathways [5,6]. ‘1 hesce are the well-known
prerequisite processes for the origin of life.

Comets, being rich inwater and other volatiles, have been
postulated to be transporters of volatile and biogenic clements
to the carly Earth. Clearly, the study of cometary material is
cssential for understanding the formation of the solar system.
and. most importantly to exobiology, the interstellar
contribution of pristine, car ly-formed o1 ganic matter from
several difterent environmental regions. | low the biogenic
clements entered the solar system, were transformed by
processes  operating  thercin,  became distributed among,
planctary bodics, and what molecular and mineral forms they
took during this history are questions of major importance for
exobiotogy. Compatison of the compositions of the volatiles
contained w ithin cometary material with those found in
carbonaccous metcorites and interplanetary dust will provide
a basis for determining what commonaltics in source regions
can be attributed to the materials in these putatively related
objects. ‘1 he analysis of minerds like carbonates, clays, and
stulfatesincometdust win also be significant for the history
of interaction between water and minerals in the early solar
system [4].

3. STARDUSTMISSIONDESIGN
3.1 Trajectory

S 1 ARDUST's seven-year, three loop, AVEGA (Earth gravity
assist)trajectory is designed (1) tofly by Wild 2 at a 101%
velocity while it is active, (2) to maximize the time for
favorable collection of interstellar dust, and (3) to minimize
the Cy (escape cnergy from Earth)and AV requirements for
the mission so that a small launch vehicle may beused. Fig. 3

shows the spaceerafl trajectory and the location of Earth,
Wild 2, and the deep space mancuvers m orbit.

Fig. 3. STARDUST Trajectory (F- E- Wild 2- 1)

T bec STARDUST spacecraft will be launched in February
1999. The first orbital loop is a 2-ycar AVEGA path with a
171 1S AV ncar aphelion. This AV will set up the Farth
swingby that will pump the orbit up to the 2.5-year loop,
which the spacecraft will fly twice. At 160 days before
encounter, a small AV of 66ms 'willsetupthe Wild 2 flyby.
1 his will occur o111 Jan 2004, at1.86 AU and 97.5 days past

Table 1. Propulsionand I'light System Parameters

Wild 2 perihelion passage. The spacecraft will approach the
comet at 6.2 kms 'from sunside with @ 70° phase angle.Coma
fly-through will be on the sun side a a miss distance of 100

km. Flyby is five years after launch, and Far th return, two
years later.

Interstellar dust will be collected on two of the three post-
apheli onlegs of the orbits, where the spacecraft orient ation




makes it possible to collect 1Gsatlow velocity. Inthese
portions of the orbit, indicated by ISP | & 2, the vectors of
the 1Gs and the spacecraft align  favorably  to yield lower
refative velocities.

3.2 Flight System Performance

Table 1 shows propulsion parameters and launch capability
for the bascline launch energy requirement of 26 km?s ™2,

3.3 Wild 2 EncounterPhase Design

5'..3.1 uild 2 Incounter Geometry. ‘The spacecraft will
encounter Wild 2 at 97,5 days past perihelionat 1,85 AU
from Sunwhen Wild 2 is far from its peak active periodand
relatively safe for aclose flyby. The spacecraft will approach
Wild 2 from above its orbital plane, then dip slightly below it.
Fig. 4 shows the geometry of the flyby, which willbe at 100
kmonthesun side,

Investigations of the navigation accuracy and the impacts
(m the entire encounter profile is based on this aim point and
is regarded as aworst-case analysis. Finalsclection of the aim
point may be further out and the encounter date may be
shifted depending on the results of the ground observations of
Wild 2 incarly1997.

3.3.2 Navigation Plan. ST ARDUST will usc both radio
and optical navig ation (OPN AV). | jarly knowledge of the
orbital state of Wild 2 bawd on ground observations gives an
estimated position uncertainty of about 1500 km (Io). An
improvement over this is expected at about F- 50 days, afler
OPNAV has been inoperation for some time. The adopted
navigation plan candeliver with anaccuracy of 8 km (1o,
cross track ) and11seconds (1 o, time of closest encounter).
‘1 hisplan is based on g round-commanded’l (" hi strategy. The
last OPNAYV image willbesentatl- 12 hr and the last ‘1 CM
exceuted at F- 6 hr. “1 he two-way light time will be 40
minutes, which will leave about 5 hours to prepare the last
‘1 CM command from the ground. To limit telemetry volume,
on-board image data processing, “windowing,” and 2:1 data
compression arc planned.
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Fig. 4. Orbital Geometry @ Closest Encounter, where RS is
the orbital plane, R: radial direction, Sun to Wild 2,
Sorthogonal toR along Wild 2 vel direction.

3..l. 3 Encounter Phase Mission Scenarios. The encounter
phase nominally starts at 150 d before aad cads 150 dafler
comet encounter. Accurate delivery of spacceraftto the
desired aim point is accomplished with OPNAV. On-board
acquisition of cometimages Will beginataboutb- 15(1 d.
(houmi-based image processing and TCM commands are
used until - 1d. Thereafter, images will be processed on
board in order to guide the mirror to contain comet images in
the field of view (FOV) of the camera. A mirrored tracking,
deviceinthe camera system will protect the optics during the
coma fly-thr ough and reduce image smear.

Toatlain low-cost operation, cometimaging goals, being,
secondary science, Will not dictate the mission scenarios,
Instead, imaging science will be acquired as the opportunity
permits. ‘1 heimaging science planis for al data taken before
F- 4 minto be sent back as the OPNAV tracking schedule
permits and a] images taken from E- 4mintok1 4 minte be
recorded for delayed telemetry.

Only about 100 frames of the highest resolution images
scar closest encounter will be recorded, even though the data-
link capability)’ of the spacecraft (2 kbps/34 m and 8 kbps/70
m) makes it possible toacquire more than this. Spacccraft
communications will be with the s high-cflicicncy  (HFELF)
stations daring, most of the encounter phase, except for a 30-
hrperiodat closest approach. Continuous tracking by the 70-
m stations is planned only during this critical period.

“ 1 he Encounter Phase begins slowly and builds to an
extremely fast pace centered around closest encounter. It 1S
divided into four subphases: Far Encounter, Near Encounter,
Close Encounter, and Post-cncounter. Far t ncounter involves
acquisition of comet andcomascience data. Near Encounter
is the terminal puidance phase, and its science emphasizes
high-resolution images of the ¢ o m a and near-nucleus
activitics. Close Encounter is the core science period of
STARDUST, focused (m collecting sampies andimaging the



nucleus. Post-encounter is dedicated to asscssing mission
performance and downlinking comet images.

Fig. 5 shows the timeline of key activities from E-150 dup
to closest encounter. 'l his figure also provides the resolution
of images andsizes of the coma and the nucleusinthe FOV
of the camera as a function of time.

3.3. 4 Iar  FEncounter Subphase (I-1 90 o 1) I+ 1 d).
OPNAV will begin atabout E- 150 d when Wild 2 becomes
detectable. The coma will be the focus of the imaging science
dwing this period. Coma images acquired during this period
will have resolutions of 32 to 6000 km per pixel. All cight
fillers will be used at cach imaging episode and will be sent
back at designated OPNAV telemetry time.  Approximately
thirty 4-111- passes of downlink time will be available during
this period. At Tkbps (50% link capability, 34 m), a data
volumeamountingto 75 frames of 2:1 compressed images
may be sent back. More can be accomplished by combining,
the onboard “windowing” process. ‘1 his io essence offers an

34m/4hr pass

opportunity to obtain fal color movics of the evolving coma,
At E- | d, the coma image beginsto fill the FOV of the
camera, and the focus of the imag ing will be 011 the finer
details.

3. 3.5 Near Encounter Subphase (F- 1 d  to I+ 5 hr).
S'f ARDUS f' enters the terminal navigation phase with
increased OPNAV activities, Continuous communication with
| ‘arth (70-m stations) w ill be established. At I- 1 d the
OPNAV picture rate w ill be increased to one per hour. All
data acquired since the previous TCM (1- 2 d) will be
processed on the ground as each image is received forimage
location extraction, orbit determination, and the final 1TC:M
computation. We expect to obtain finer details of coma when
weimage Wild 2 during this period. ‘f he Wild 2 nucleus will
stillbe apinpointuntil the cod of this phase when it begins to
oceupy about a pixel. Assuming a 50% link capability of the
spacecraft,a real-time data volume transmission of 34image
frames with 2:1 compression is possible. Full-color images of
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Fig. 5. Mission Timel ine for Wild 2 Encounter Phase

Wild 2 with resolutions ranging from S to 32 km per pixel
will be obtained during this period.

3.3.6 Close Incounter Subphase (F- 5 hy to 1A 5 hr). This
is the core science period of the mission. At I- S hr the
spacecraft will begin to enter the coma (100,000 km from
Wild 2) and thenucleus will start to emerge as an extended
body in the camera FOV. All comet science will be on.
Continuous tracking o f the spacecraft with the 70-m station is
planned until the cad of this mission subphase.

Dust collection will begin with the deployment of the dust
collector after the last TCM at I- 6 hr. The spacecraft dust
shicld and the collector array will orient perpendicular o the
dust stream (spaccerafl-comet relative velocity) to protect the
spacecraft from the dust hazard while maximizing the
collection area.

CIDA will provide information on comet particle
composition during  the fly-through. Data from up to 10,000
CIDA events will be compressed and stored on board. F'he
data volume allocated is about 200 Mbits.



Continuous imaging and ml-time transmission of data will
be made from 1;- 5 hrto - 4min and again fromE44minto
o1 5 hr. Atl- 4 min when the nucleus occupics 60x60 pixels.
a final black and white picture surrounding the nucleus will
besentinreal time. This will take nolonger than 27 s. Any
images taken afler E- 4 min will be stored on board. Fig. 6
shows details of missionactiviticsoccurting, from F- 5 min to
145 min. Duc to the uncertainty in delivery, the image of the
nucleus may spill out of the FOV of the camera beginning at
about I:- 2 min. Although the scanning mirror can compe nsate
f o r down-track and in-planc crrors, only banking the
spacecraft (by providing the second axis to the mirror) can
correct oul-o f=planc errors. Because of this, temporary loss of
high-gain lock to larth during the 43 minof the encounter is
expected. The medium gainantenna will take over the critical
communications functionduring this time.

.3.3.7 Post-Encounter Subphase (14 5 hr to F1 50 d). Post-
encounter spacecraft health check, reconstruction of {lyby
conditions and downlink of recorded data will constitute the
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activitics of this mission phase. DSNtracking similar to
craisc-phase mode will resume.

3.4 Interstellar Dust Collection Phase Design

3.4 1 Interstellar Grain Impact Profife. Based on recent
studics 3], 1Gs arc assumedtoenter the heliosphere with a
velocity of’ 30kms 'from the upstream dircction of 1041 0°,
280°1 30° ecliptic latitude and longitude. *1 he flight paths of
the [(is arc modificd by solar gravity, solar p[-mare,
clectromagnetic interaction with the interplanctary magnetic
ficld, and various other complex processesnotwell or easily
formulated. If one considers only the simple effeets of solar
gravity and solar pressure, the velocities of 1Gs of various
sizescan be caleulated as a function of 3, where § is the ratio
of solar pressure to solar gravity.

=

llcsolulion/pixel  (m) £

=

111 _9% _ 67 45 23 6. .. et
ElOOO-_ S &) RN D e e S e s . 120 °:D
v\—l; 800 ,- _- -phase angle’- ‘\ 100 5
S 0T - - 805
o 1 60 %=
B 400- ©
“5 1 no of pixels 40 <
o 2004 R 20 &
5 4 3 2 1 0 { 2 3 4 50 ¢

Time from Encounter (rein) 8

[T B T S

llr’llxllll'l'lrl'll'(ll&{

[F—

B & W images evry 5-see.

1set of3 color (R,B,G)images

voan readl time transmission of (120X120X12 bits) image; 2S sec. to transmit
Banking of S/Cattitude to place nucleus in FOV

Total lmages Stored: 96 pictures (2:1 compression) /60 Mbits

Fig. 6.1 imcline During Closest Encounter, E- S min. to 154 5 min.

3.1, 2 tnterstellar Grain Collection Strategy. 1 he strategy
of 1G collection is (1) to collect at tile part of the spacecraft
orbit wherelG impact velocity is relatively low (<15 kms '),
(2) toorient the collector in a specific directionso that tbe
area for the desired1Gs is maximized and te IGtracks
indicating normalincidence may be tagged as the desired
particle, and (3) to avoid pointing toward the sunin order not
to intercept particles of interplanetary origin. Total duration
of 1G collection will be about 1% years.

Mission operation during the 1G collection period is similar
to cruise phase duc the passive nature of the collectordesign.

Although the 1G collector will need to be steered in specific
directions to maximize the area for intercepting desired 1G5,
tight attitude control is not required because the uncertainty in
the 1G radiant direction may be as large as 30°

3.5 Sample Earth Return Phase Design

‘1 his phase of the STARDUST mission begins two weeks
before Far th re-entry and ends when the SRC is transferred to
its ground-handling team. The planned landing site is the
Utah * 1 est and Training Range (UT I'R). Following
touchdown. the SRC will be recovered by helicopter or
ground vehicles and transported to astaging area at UT'TR for
retricval of the sample canister. The canister will then be




transported to the planctary materials curatorial facility at
Johnson Space Center.

‘1 his Earth Return is divided into four subphases: Farth
Approach, Entry, Terminal Descent, and Recovery

3.S, I Larth Approach Subphase.1arth Approach begins with
anincreased tracking frequency of one 8-hour pass per day.
During this pet-iod three TCMs are involved: a ER (Farth
reentry) 13 d, ER-3dand 111<-3 hr. The SRC will be
released soon after the last 1CMand will enter the
atmosphere at a nominal entry angle of -8°. Approach
velocity to Barth willbe approximately 6.4 kms-1with a right
ascensionof 205,7°, adeclinationof 11.1°, and velocity at
entry (assumed to be at an altitude of 125 km) of 12.8 kms- 1.
‘1 heentry corridor control accuracy (3s) attainable, based on
the Navigation Plan, is0.08°.

The spacecraft will perform a divert mancuver subsequent
to the SRCrelease to avoid entering the atmosphere.

3.5.2 Lntry Subphase. Entry begins when the spacccerafl
reorients for SRCrelease from the spacecraft bus and ends
with parachute deployment. The SRC will be released from
the spacecraft bus approximately 3 bouts before entry.
Significant activitics during these 3hours include slewing the
spaceerafl bus 1o the proper release attitude, settling and
verifying spacecraft atlitude, initiating the SRC cm-board
timer/sequenicer, turning off spacecraft bus provided heater
power to the SRC, and releasing the SRC.

‘1 he SRC will perform adirect entry at Earth. After entry
the SRC will continue to free-fall until approximately 3 km, at
which pointthe parachute deployment sequence willinitiate.
I ilapsed time from entry 1o parachute deploy will be
approximately 10 minutes.

3.5.3 Terminal Descent Subphase. Descent begins when
the parachute deployment scquenceinitiates andcontinues
until the SRC/parachute system has descended into the
recovery zone, the UTTR.

‘1 heveloceity of the SRC must be reduced from the initial
entry velocity of 12.8 kms 110 a level that permits sofl
landing.

The acroshell removes over 99% of the initial kinetic
encrgy of the vehicle to protect the sample canister against the
resultant extreme acrodynamic heating.  The heatshicld is a
60° half-angle blunt cone made of a graphite/epoxy composite
covered with a thermal protection system. Ablative material
on the backshell protects the lander from the effects of
recirculation flow around the entry vchicle.

Taking into account SRC release and entry corridor
uncertainties,  vehicle  acrodynamics  uncertainties  and
atmospheric dispersions, the landing footprint dlipse for the
SRC has beendetermined to be approximately 60 kmby 6.5
km. The SRC will approach the UTTR on a heading of
approximalely 122° on a north-west to south-cast trajectory.
Localtime of landing will bc approximately 3:00 am.

3.5.4 Recovery Subphase. Recovery begins a few hours
before the SRC touches down. Retrieval is via ground
transportation or helicopter.

Given the small size and mass of the SRC, it is not
expected that its recovery and transportation wi 1l require
extraordinary handling measures or hardware other thana

specialized handling fixture to cradle th e capsule dur ing
transport.

Transportation of the SRC to astaging area at the UIl R
for extraction of the sample canister will follow. The sample
canister thca will be transported 1o its final destination, the
planctary materid curatorial facility at Johnson Space Center.

4. FEIGHTSY' STEMDESIGN

The STARDUST flight system is composed of the sample
retwrn capsule (SRC)and the spacecraft. bach employs
clements o f advanced technology in concert with flight-
proven components to produce a cost-cflective, lightweight
spacecrafl capable of operating reliably in deep space for
long-duration missions. | esigned from the groundup with
cost and mass-cfficiency in mind, the STARDUST flight
system  represents @ new  wave of mail, lightweight
spacecraft. Although STARDUST is representative of the
new approach to faster, better, cheaper, it still embodics
I .ockhced-Martin °s total commitment 1o mission success.
S’1 ARDUST has been designed to climinate all credible
single-pointfailures from the system.

I'repulsion on STARDUST depends on a single, simple,
blowdow n hydrazine system. The mission has been desigred
with minimal AV requirements and very loose attitude-control
requircments for the bulk of the mission. Therefore a single-
tank monopropellant system i s adequate to meet t h e
propulsion requirements of STARDUS]

The tclecommunications system on STARDUST consists of
fully redundant X-band [iccp-space transponders, solict-slate
power amplificrs, and associated filters, couplers, switches,
and waveguides. During com et encounter, the period of
highest demand on telecommu nications data rate, tile
geometry between comet, spacecraft, and Earth do not chanige
significantly. Exploiting this fact, the STARDUS 1’ high-gain
antenna is fixed-mouatcci withouta gimbal mechanism,
thereby saving cost, complexity, and mass.  During tile
remainder of the mission, when the attitude of tile spacecrafl
is not held within tight decadbands, communications are
through a medium-gaia antenna.l.ow-gain patch antennas arc
also integrated into the teleccommunications system for use
during the initial ization and checkout phase of the mission
and, if necessary, during safing modes.

Power for STARDUST (some 26(1 W at encounter) is
provided by two solar arays each covering 3m? Iach solar
artay IS also fixed-mounted to the bus. Power conditioning,
control, and distribution functions arc provided by advanced
avionics cards developed by LM A for deep space missions.
Commonality of the electrical power system among several
ongoing  spacccraft programs at LMA provides a cost-
cffective strategy forimplementing  s(atc-of-the-zirt - avionics.
The SMTS evolutionary test plan will concurrently integrate
analysis, design, and testing to achicve high confidence in
mission success.

Command and Data | landling (C&D11) for STARDUS 1’ is
essentially inherited and includes advanced circuitry now
being developed for a number of ongoing programs at 1. MA.
The central processor card is an R6000 with 1 Gbitof on-card
sol id-stale data-storage capacity. Interfaced to the processor
card through @ VME bus are the data I/O cards, payload



